Krełowski et al. have reported a weak, diffuse interstellar band (DIB) at 5069 Å which appears to match in both midwavelength and width the A 2 u -X 2 g gas-phase origin absorption band of HC 4 H + . Here, we present laboratory rotational profiles at low temperatures which are then compared with the 5069 Å DIB using ∼0.1 and 0.3 Å line widths based on a realistic line-of-sight interstellar velocity dispersion. Neither the band shape nor the wavelength of the maximum absorption match, which makes the association of the 5069 Å DIB with HC 4 H + unlikely. The magnetic dipole transition X 2 g = 1/2→ X 2 g = 3/2 within the ground electronic state which competes with collisional excitation is also considered. In addition, we present the laboratory gas-phase spectrum of the A 2 u -X 2 g transition of HC 4 H + measured at 25 K in an ion trap and identify further absorption bands at shorter wavelengths for comparison with future DIB data.
INTRODUCTION
Diffuse absorption features were recognized in the spectra of B-type stars dimmed by interstellar material nearly a century ago and many hundreds have been cataloged (Herbig 1995) . Known as the diffuse interstellar bands (DIBs), they vary in width between tens to only a fraction of an Å (Snow & McCall 2006) . It is generally agreed that the DIBs arise from gaseous molecules, most likely dominantly composed of carbon (see Herbig 2000 and references therein). With the continuing improvement in the quality of both astronomical spectra and laboratory absorption measurements of potential polyatomic molecules at temperatures expected in interstellar space, the likelihood of an identification has greatly increased. Indeed, a recent article reports the match in wavelength, width, and relative intensities of two laboratory absorption bands with broad DIBs at 4881 and 5450 Å, leading to the identification of H 2 CCC as a DIB carrier . Krełowski et al. (2010) reported a new, 2 Å wide, weak DIB centered at 5068.8 Å, which appeared to match both the width and mean wavelength of the known A 2 u -X 2 g origin absorption band of HC 4 H + (Motylewski et al. 2000) . Here, we carefully examine this and show that neither the wavelength nor the shape of the laboratory spectrum agrees with those of the DIB even when the broadening of the absorption features by the interstellar velocity dispersion is taken into account.
One particular challenge in identification is that of confusion. With the improvement in sensitivity, and the high concentration of DIBs in the 5000-7000 Å spectral region, there is, on average, one DIB per 10 Å. Thus, while coincidence of just one band position and width is a necessary condition, it is insufficient for a certain identification. The detection of other, attributable spectral features is necessary, which in the case of diacetylene cation is now possible because additional absorption bands are here reported using a new laboratory approach. Figure 1 shows the averaged spectrum for the 11 reddened OB stars observed with the ESO UVES echelle spectrograph on the VLT Kueyen 8 m telescope as published by Krełowski et al. (2010) . The data have high signal to noise and have been freed from contaminating telluric water vapor lines. The 5068.8 Å DIB is very weak with a central depth ∼0.25% and an equivalent width (EW) ∼2.5 mÅ but is clearly seen and independently confirmed as interstellar and not instrumental in the Krełowski et al. (2010) paper with spectra of two reddened stars taken with other instruments (HARPS and BOES). They provide, in their Figure 2 , a visual comparison between the averaged UVES DIB profile and the laboratory spectrum at 15 K of HC 4 H + published by Motylewski et al. (2000) . A laboratory spectrum at 30 K is displayed in Figure 1 (top trace) recorded with a resolving power of R = 130,000 in which every rotational line is apparent. In the astronomical observations R = 80,000 is similar, but the published spectrum (reproduced in the middle of Figure 1 ) shows no such structure. Thus, for a meaningful comparison, the laboratory spectrum must be convolved with the line spread function introduced by velocity differences between individual interstellar clouds and the velocity dispersion within each cloud. These cause the molecular lines to become blended. This is examined here. In addition, whereas in the laboratory spectrum the rotational population of an absorbing species follows a Boltzmann distribution, in interstellar space, it may not because collisions are rare and processes, such as magnetic dipole transitions, become possible. Krełowski et al. (2010) aligned the astronomical spectra on the rest wavelength of interstellar 4300 Å CH but provided no offset values or any CH line profiles. It is rare for the line of sight to a reddened OB star to intersect only a single interstellar cloud. Velocity dispersions within a cloud are typically several km s The UVES instrumental resolution corresponds to ∼0.06 Å FWHM or 3.7 km s −1 with the data points being every 0.03 Å. Taking into account the uncertainty of alignment to the interstellar velocity and its spread suggests a realistic broadening of some 20 km s −1 or 0.33 Å. The 2 Å width of the 5069 Å DIB is nearly 10 times this 0.33 Å value. Structure and asymmetry in the narrower, flanking DIBs at 5061 and 5074 Å can be clearly seen, supporting the contention that one should be able to detect any structure 0.33 Å in the 5069 Å DIB profile. According to our analysis in Section 2.2, if the absorption spectrum were due to the origin band of HC 4 H + , there should be a narrow (FWHM 0.5 Å) absorption maximum at 5067.9 Å (at 60 K) whose width and position slightly depend upon temperature (see below). However, this pattern disagrees with the astronomical spectra, leading us to exclude the association of the 5069 Å DIB with HC 4 H + .
ASTRONOMICAL AND LABORATORY DATA

5069 Å DIB Profile
Figure 3. Published DIB spectrum (Krełowski et al. 2010) , middle trace, is compared to the absorption profiles at 30 and 60 K. In the top two traces, the spinorbit and rotational temperature are equilibrated, whereas in the bottom traces, the X 2 1/2 component is depopulated by a magnetic dipole transition (see the text).
Comparison of the Laboratory HC 4 H + Absorption with the 5069 Å DIB
The rotational profile of the origin band in the A The rotational constants of HC 4 H + (Kuhn et al. 1986 ) are used for the simulation of the profiles. These differ slightly from the ones originally published (Callomon 1956 ) because it was shown that the absolute line numbering had to be shifted by one rotational quantum. Using the Hamiltonian and molecular constants (T 00 = 19722.594 cm
, and D 0 = 1.9 × 10 −8 cm −1 ) given in the spectroscopic analysis (Kuhn et al. 1986 ), a line width of 0.33 Å and the rotational temperatures of 30 and 60 K lead to the profiles shown in the bottom two traces of Figure 1 . In these traces, two different velocity dispersions, 6 and 20 km s −1 , are chosen at 60 K, for reasons outlined in Section 2.1, which leads to merging and overlap of the rotational lines. As can be seen, neither the band maximum nor the shape of the laboratory absorption spectra match the DIB profile. At the expected temperature of around 60 K, as for the non-polar species H + 3 and C 3 , the secondary, longer wavelength maximum differs by 1 Å from that at 30 K and the overall band profile is asymmetric.
A further aspect, where the astronomical and laboratory spectra will differ, affecting the rotational profile is the depopulation of the = 1/2 spin-orbit component in the ground This rate is around 10 −6 s −1 and faster than the collisional rate (10 −8 s −1 ) with H atoms (100 cm −3 ) in diffuse clouds, or 10 −7 s −1 in translucent clouds with H density of 1000 cm −3 . The resulting absorption profiles at 30 and 60 K and line broadening of 0.33 Å (20 km s −1 ) are shown in Figure 3 . To indicate the differences to the laboratory absorption (equilibrated), the profile after depopulation of the = 1/2 component is shown. Nevertheless, the 5069 Å DIB does not match the profile.
Magnetic dipole transitions within the 2 g ground state between adjacent rotational levels may also affect the population distribution. At 60 K, the maximum in the Boltzmann distribution for HC 4 H + is at J = 10.5. The rate of the magnetic dipole transitions (M. Morse & J. P. Maier 2011, in preparation) is about 10 −9 s −1 and less for lower J values. For higher J values, the rate increases to 10 −8 s −1 at J = 20.5. Thus, with collision rates of ∼10 −7 to 10 −8 s −1 , some of the higher J levels could be more depleted than predicted by the Boltzmann distribution. Below J = 10.5, the maximum of the R 1 head, the effect will not be significant. The effect would be to reduce the tails of the R 1 and P 1 branches to the red in the simulations shown in Figure 3 , thus not changing the conclusion that neither the wavelength nor the peak shape match with the 5069 DIB. At 30 K, the profile hardly changes.
OTHER LABORATORY ABSORPTIONS OF HC 4 H
+ A criterion for the assignment of a DIB to a carrier is that other bands of the molecule be also identified. Such data are presented in Figure 4 , showing the measurement of the electronic absorption spectrum of HC 4 H + using an ion trap technique. There are several other absorption peaks lying to shorter wavelength of the origin band which have an intensity factor of three or four less than the origin band.
The spectrum shown in Figure 4 was recorded in the ion trap by a two-color excitation/fragmentation scheme (Dzhonson et al. 2007 ). The instrument consists of a 22-pole radio-frequency trap into which mass-selected positive species are transported from a source. In the trap, the required conditions for comparison with astronomical measurements are achieved by collisional cooling with helium atoms; a confined ion undergoes thousands of collisions within milliseconds, equilibrating the vibrational and rotational degrees of freedom. Depending on the number of collisions, the ion temperature is chosen and determined from the rotational pattern. In the present measurements it was ∼25 K. The cold HC 4 H + ions are then excited resonantly within the A 2 u -X 2 g transition by a tunable laser. A second fixed-frequency UV photon causes dissociation and produces C 4 H + ions that are then counted. The result is the spectrum shown in Figure 4 , recorded with a laser bandwidth of 1 Å. The insets show the recording of the bands, lying to the blue of the origin, with a resolving power of 100,000. The wavelengths given in Table 1 are the maxima of the R 1 heads, the most intense peaks.
The rotational structure of the 4869 and 4856 Å bands, the 3 1 0 and 7 2 0 transitions, has recently been analyzed and the spectroscopic constants given ). On either side of the origin band, the baseline goes to zero. There is no evidence of "hot" bands that would arise due to residual population of low-frequency modes (ν 9 is 200 cm −1 ). Thus, it can be concluded that the vibrational and spin-orbit temperature is also around 25 K and the spectrum is dominated by transitions from the = 3/2 component in the X 2 g state; for example, the weak band at 4861 Å, the = 1/2 R 2 head of the 7 2 0 transition. The spectrum provides no new information on the origin, or on the 3 1 0 , 7 2 0 bands in the 4860-4870 region, because the line positions have been determined by emission (Callomon 1956) , and recently by cavity ring-down (CRD) spectroscopy . However, there are three further bands, near 4690, 4526, and 4525 Å, which have intensity a factor of three to six less than the origin band (Table 1) . These bands are difficult to discern in fluorescence or cavity ring-down absorption measurements because they overlap with the bands of C 2 and C 3 . In the ion trap measurement, the spectrum of the mass-selected HC 4 H + is background-free. That the intensities are realistic, even though a two-photon excitation-dissociation process is used for the detection, has been checked by comparing the measurements with CRD spectroscopy made for the origin and 3 1 0 , 7 2 0 bands. CRD is a linear technique giving the relative intensities directly. The error in the relative intensities given in Table 1 band system lying at shorter wavelengths have been measured at 25 K in the laboratory.
